Abstract. HR 1217 is a prototypical rapidly oscillating Ap star that has presented a test to the theory of nonradial stellar pulsation. Prior observations showed a clear pattern of five modes with alternating frequency spacings of 33.3 μHz and 34.6 μHz, with a sixth mode at a problematic spacing of 50.0 μHz (which equals 1.5 × 33.3 μHz) to the highfrequency side. Asymptotic pulsation theory allowed for a frequency spacing of 34 μHz, but hipparcos observations rule out such a spacing. Theoretical calculations of magnetoacoustic modes in Ap stars by Cunha (2001) predicted that there should be a previously undetected mode 34 μHz higher than the main group, with a smaller spacing between it and the highest one. The 20th extended coverage campaign of the Whole Earth Telescope (XCov20) has discovered this frequency as predicted by Cunha (2001) . Amplitude modulation of several of the pulsation modes between the 1986 and 2000 data sets has also been discovered, while important parameters for modelling the geometry of the pulsation modes have been shown to be unchanged. With stringent selection of the best data from the WET network the amplitude spectrum shows highest peaks at only 50 μmag and formal errors on Preliminary results from XCov20 107 the determined amplitudes are 14 μmag. Some lessons for future use of WET for the highest precision photometry on bright stars are discussed.
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INTRODUCTION
More than a decade ago for XCov5 we included the roAp star HD 166473 as a tertiary target. The attempt to observe that star was a learning experience for WET; the star has exceedingly low mode amplitudes of only a few tenths of a mmag and many telescopephotometer combinations were not able to obtain low enough noise levels to provide useful data. For XCov20 we decided to try another roAp star, HR 1217; although some of the modes in this star have amplitudes of nearly a mmag, the interesting new results come from looking at the lower amplitude frequencies -ones that have not been well-studied or even known before. That the same demand of extremely high precision is present, and the same problems of some telescope-photometer combinations not being able to get low enough noise levels occurred.
The difference for XCov20, compared to XCov5 for HD 166473, was that HR 1217 was the principal target, so an excellent data set was obtained and the campaign was a success with new astrophysical results. There are lessons from XCov20 that need to be heeded for any future campaigns on other roAp stars. And there are some "political" implications for using WET at the highest precision where all sites may not be able to meet the desired precision.
In the next section we discuss the scientific demands of observing roAp stars with WET and the political implications. Then, in the following section we summarise preliminary results from XCov20 on HR 1217. For an introduction to roAp stars in general and to HR 1217 in particular, see Kurtz & Martinez (2000) .
REQUIREMENTS AND LESSONS
The photometric broad-band amplitudes of the roAp stars are typically below a mmag per mode, and much of the interesting astrophysical information is at amplitudes of tenths of a mmag. To achieve this precision larger aperture telescopes are needed, since scintillation is the primary intrinsic noise source, and scintillation noise drops roughly proportionally to aperture to the − It is the external noise sources that dominate the quality of the data. In particular, it is the telescope-photometer combination. For many of the sites participating in XCov20 we found unacceptably high noise levels. This was an anticipated problem, so during XCOV18 tests for suitability for roAp star observations were run. Why didn't these tests show which sites would be able to produce the required precision and which ones would not? The answer is that a year later the telescope-photometer combinations were not all in the same state they had been in for the tests. For most WET sites the photometers are not on the telescope most of the time, and they are often transported long distances. We obtained the best results with photometers that are used frequently, and for photometers for which the observer is knowledgeable about technical maintenance of both the photometer and even the telescope. For many WET sites this is not the case (and we do not expect it to be): many observers are not technically familiar with the instrument. Given the practicality of running WET and our need and desire to involve new astronomers in the work, this situation is normal and will continue. For photon-limited observations of fainter stars no problems will usually occur. But for the highest precision measurements on roAp stars (or possibly other brighter stars) stringent site-observertelescope-photometer selection needs to be made. Kurtz & Martinez (2000) give a detailed discussion of many problems that can occur with photometers. Here we simply note that it is sensitivity drift across the observing aperture that is the big problem for high precision measurements. This occurs in many telescope-photometer combinations for a variety of reasons. An excellently working auto-guider will reduce or eliminate the problem, even if the cause in the telescope or photometer cannot be found (and frequently these problems are subtle and are hard to find). This is an important point. It means that excellent autoguiding that can hold the position of the star to arcsec precision can overcome this most prevalent problem. I would put this as the biggest observing lesson of XCov20: excellent autoguiding can overcome sensitivity drift. Sites that have this can be used for highest precision photometry, even when there are tracking errors, cyclic drive errors and sensitivity variations in the photometer. For XCov20 we had several severe problems that caused exceedingly high noise, such as extreme periodic tracking errors and electronic faults. Potentially, these can be corrected for future campaigns, but they are so serious that if they are not corrected, those sites that suffer from them cannot be used in future campaigns.
The political implications of XCov20 on HR 1217 also hold lessons, although we are not certain of the best answers to the problems. In the next section we present some beautiful results from the campaign. XCov20 produced amplitude spectra with dramatically low noise levels. See Fig. 1 in the next section where the level of the highest noise peaks is at 0.05 mma! This is astoundingly high precision ground-based photometry; WET can do it. But Fig. 1 used a subset of the best data. Some runs with signal visible in the FT, but not the best signal-to-noise, were discarded. In the final analysis, still to be done, it may be possible to include all runs using weighting, but some runs will have a low weight and in effect still be zero-weighted. This is not pleasant for the observers. They have worked hard to get their data, so to have those data discarded in the final analysis is not going to make them happy. Of course, we all have to do that when the weather is bad; we are used to it and resigned to the reality of weather. But when you can see the signal at the telescope, when there is signal in the FT of your data, are you then to accept later that your data have been discarded? Worse yet, what about the PIs on the secondary targets? There have been grumblings about XCov20 for this: "If you are going to discard those data, why didn't you let us get on to the secondary target and get more science out of the campaign?"
That is a good question. The answer is that we do not know at HQ on a night-by-night basis how the final analysis will turn out. We cannot tell the night after, much less during the actual observations, which data sets are going to make the final cut. This problem will occur again for any future roAp star campaign, or for any other campaign aiming for the highest possible precision on a bright pulsator. In this circumstance observers must be prepared for stringent data cuts and try to think of them as similar to bad weather -just in the nature of getting such observations.
SOME RESULTS FOR HR 1217
Exciting new theoretical and observational studies of roAp stars have been published in the last two years since the review by Kurtz & Martinez (2000) . These are relevant to our interpretation of the results for HR 1217, so a brief summary of the developments is given here.
Recent developments for roAp stars
Theoretical developments concerning the interaction of pulsation and magnetic fields were published by Cunha & Gough (2000) and Bigot et al. (2000) . The excitation mechanism for roAp stars was studied by Balmforth et al. (2001) . Very interesting new work on the interaction of pulsation with both rotation and the magnetic field by Bigot & Dziembowski (2002) has presented an entirely new look at the oblique pulsator model -they find that the pulsation modes are not axisymmetric modes with pulsation and magnetic axes aligned. Instead, the pulsation axis is inclined to both the magnetic and rotation axes, and the pulsation modes are complex combinations of spherical harmonics that result in modes that, in many cases, can be travelling waves looking similar to (but are not exactly) sectoral m-modes. This new model has already passed some important observational tests, and more are being conducted. The xcov 20 results will provide important tests -particularly from the amplitude ratios of the rotational sidelobes to the main mode peaks.
An outstanding problem in roAp stars was the frequency spacing in HR 1217. Kurtz et al. (1989) found a set of six pulsation modes in this star, five of which were either separated by 68 μHz and were alternating even and odd modes, or were separated by 34 μHz and were consecutive overtones of the same . The Hipparcos parallax resolved this ambiguity in favour of the first interpretation (Matthews, Kurtz & Martinez 1999) : the large spacing is 68 μHz and the modes are alternating even and odd , although none of them is a purely normal mode. This left the puzzle of the sixth frequency; its separation from the next lower frequency mode was 3 4
Δν 0 which made no sense. Cunha & Gough (2000) and Bigot et al. (2000) found that the pulsation modes in roAp stars are magneto-acoustic, and that the coupling of the magnetic and acoustic components changes with frequency so that the magnetic perturbation to the frequencies can have a large range -from -40 to +10 μHz. These perturbations are progressive over a range of frequencies, effectively stretching the large spacing. Then, as the acoustic and magnetic coupling passes through a full cycle in their relation with each other, there is a big jump in the magnetic perturbation. Cunha (2001) used this to predict that there should be an additional frequency present in HR 1217 between the fifth and sixth modes found by Kurtz et al. (1989) and separated from the fifth frequency by about half of the large spacing. An important first result on HR 1217 from XCov20 (Kurtz et al. 2002) found that predicted frequency, supporting the theory of Cunha.
The newest observational results for the roAp stars are spectacular high-resolution spectra of γ Equ and HR 3831 (Kochukhov & Ryabchikova 2001a,b) that show very clearly the extreme stratification effects of abundances and the short vertical wavelength of the pulsation modes in roAp stars. For γ Equ λ6160.24Å of Pr III and λ6145.07Å of Nd III show significant radial velocity variations, while most other lines in the spectrum show none. A plausible interpretation of this phenomenon is that those ions are concentrated in a thin layer by the effects of radiative diffusion, and that this layer lies near a vertical anti-node of the pulsation mode. This is consistent with previous observations of strong line-depth dependence (atmospheric height dependence) of the pulsation amplitude in the Hα line found by Baldry & Bedding (2000) for HR 3831 and by Baldry et al. (1999) for α Cir, and the strong drop-off of photometric amplitude with increasing wavelength explained by Medupe & Kurtz (1998) .
Besides the vertical stratification and the resolution of the vertical structure of the pulsation modes in γ Equ and HR 3831, the line profiles shown by Kochukhov & Ryabchikova (2001a,b) show clearly the signature of travelling waves -probably something similar to = 1, m = ±1. This is qualitatively expected in the improved oblique pulsator model of Bigot & Dziembowski (2002) , but this has yet to be tested quantitatively. Cunha (2002) has calculated a theoretical instability strip for the roAp stars based on ideas for the excitation mechanism of Balmforth et al. (2001) . One interesting result is that she expects Ap stars that are more luminous than the known roAp stars, and some that are slightly hotter to pulsate (see Figs 1, 3 and 4 in Cunha 2002) ; the cooler of these more luminous stars have predicted periods longer than those in the known roAp stars -periods of 15 to 40 min consistent with the larger radii of these more luminous stars. Surveys for roAp stars have not been systematic, and current observations of roAp stars are not adequate to rule out the possibility of more luminous, somewhat longer period stars. Many searches for roAp stars have used a peculiarity of a negative Strömgren δc 1 index to select candidates. Since this index increases with luminosity, more luminous Ap stars with strong peculiarities will not show a negative δc 1 index, and may be mistaken for less luminous, less peculiar Ap stars. Also, the surveys have often used a 1 h test time for new roAp stars. This is adequate for finding periods ≤ 15 min, but may easily miss 20 or 30 min, small amplitude variations which can be masked by small sky transparency variations. A search for these predicted longer period, more luminous roAp stars using CCDs with comparison stars in the same fields is highly desirable.
Some results from XCov20
The confirmation of the predicted sixth frequency in HR 1217 has already been published (Kurtz et al. 2002) and is an important result of XCov20. Here we show briefly some other preliminary results of the campaign. Fig. 1 shows a beautiful low resolution FT of a stringently selected subset of the data with a duty cycle of 29.5%. Note particularly that the highest peaks in the noise are at, or below 0.05 mma (milli modulation amplitude which is, in this case for such low amplitude variations virtually equal to mmag). The formal least-squares errors on the determined amplitudes from this FT are 14 μma! Technically, we have attained the ultra-high precision that was expected of XCov20. Figs. 2 and 3 show the higher resolution FT and window for the same data set. Given the 68 μHz separation of the main modes in HR 1217, this data set has adequately resolved the frequencies to allow us to extract a complete set down to a noise level of 80 μma.
We found the frequencies of the main modes, fitted them by linear and no-linear least squares to the data along with frequencies for rotational sidelobes separated by the known rotational frequency, then prewhitened the data and searched for the next mode. The results are shown in Fig. 4 as a schematic amplitude spectrum and Fig. 5 shows the frequency set for the 1986 data (Kurtz et al. 1989) in exactly the same format.
There is a great deal of information in the numbers that have gone into producing Fig. 4 , in addition to phase information that is not present there. Detailed discussion of the astrophysical implications must await the final analysis of the data. Here we give some of the more obvious results. A comparison of Figs 4 and 5 mostly clearly chows the presence of the sixth frequency predicted by Cunha (2001) , who speculated that the position of the f7 peak in the Kurtz et al. (1989) data is consistent with her model of the normal mode structure in Ap stars when magnetic fields are important to the pulsation dynamics. Since that peak was 3 4 ν 0 above f5 (which is inexplicable in asymptotic theory), she suggested that there should be a peak at ν o /2 above f5. That is precisely what we see in the XCov20 data from the WET run in November 2000 with the discovery of f6. The frequency pattern in HR 1217 suggests that the pulsations we see in this star are consistent with normal p-mode pulsations whose frequencies are, in some cases, strongly affected by the magnetic field of the star. Cunha (2001) suggested that large Alfvénic losses could help explain the missing f6 in the 1986 data, as these losses are maximal at the frequencies where the large separations experience the abrupt decrease. This energy loss could either stabilize the mode or contribute to decrease its amplitude (although it is not clear how the growth rates relate to the amplitude of the modes in roAp stars).
Since f6 is observed in the present data, the possibility that the Alfvénic losses are large enough to stabilise this mode can be ruled out, at least at the time of these observations. Whether at the time of the previous observations the efficacy of the magnetoacoustic coupling (which depends, among other things, on the exact frequency of the mode and on the characteristics of the magnetic field) was different, is something to which we do not have an answer. Regardless of what the amplitudes are doing, though, the magnetic field does produce an important observable effect on the frequency of f7.
With the detection of f6, we move closer to a detailed understanding of the pulsation mechanism in roAp stars. Most intriguingly, this result for HR 1217 suggests that, with appropriately de- tailed models, we may soon be able to probe the magnetic field structure below the surfaces of these stars through their pulsation frequencies -another application of asteroseismology to probing stellar interiors.
It is clear from a comparison of Figs. 4 and 5 that the amplitudes of several of the modes in HR 1217 changed between 1986 and 2000. This is seen in other multiperiodic roAp stars, so may be normal behaviour for them. Amplitude variability in roAp stars is not yet well-studied, or well-understood. An attempt to monitor the amplitude of f6, as well as that of the other modes would be worthwhile. While there is no systematic study of amplitude variability in roAp stars, our impression is that the multi-periodic stars show amplitude variability and the singly periodic stars do not. Examples are HR 3831 which is singly periodic and seems to have had a stable amplitude for nearly 20 years (Kurtz et al. 1997) , HD 134214 which has a single frequency and no rotational modulation and has had stable amplitude for over a decade (Kurtz et al. 1991; Kurtz unpublished) and, at the other extreme, HD 60435 which is the most multi-periodic roAp star and seems to have mode lifetimes shorter than its 7.67 d rotation period (Matthews, Kurtz & Wehlau 1987) . The XCov20 results for HR 1217 are an important contribution to our understanding of mode lifetimes in roAp stars. In this case the star has seven pulsation modes and (apparently) modest amplitude modulation. Since even the mode driving mechanism in roAp stars is not yet certain (see Balmforth et al. 2001) , we are not able to interpret the amplitude variation now seen in HR 1217 and shown in Figs. 4 and 5.
Important parameters in the improved oblique pulsator model of Bigot & Dziembowski (2002) . These constrain the rotational inclination, magnetic obliquity to the rotation axis and inclination of the pulsation mode normal to the magnetic axis in the model, i.e. they are used to define the model geometry. Interestingly, while the amplitudes of some of the pulsation modes have changed in HR 1217 between the 1986 and 2000 data sets, the parameters γ 
